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Fig. 2 Electron conductivity vs applied bias.

stant. Figure 2 supports the same conclusion for electron collection,
i.e., a constant conductivity.

Conductivity for Z93 shows a more pronounced dependence on
voltage for both electron and ion conductivity. While these curves
may be used for more accurate estimates, one can say that the con-
ductivity over the 50- to 150 V range is approximately a factor of
10 larger than for Z93P.

In estimating the overall error in our reported results, recall first
that data were taken in five run sets. Data from metal samples shows
typical standard errors in the 1 to 2% range, indicating stable, repro-
ducible plasma conditions. Data from the coating samples, however,
show much larger errors, generally 20 to 30% in magnitude. These
relatively large errors are not, however, randomly distributed, but
indicate a systematic effect in the experiment. Since the runs were
not all taken at the same time, comparison of the time history of
the runs with raw data indicates that the history of the sample in
the 15 to 20 min previous to a run is critical. Specifically, if two
runs are taken with no delay between them, the second differs from
the first by as much as a factor of 2. If, however, 15 to 20 min is
allowed to pass, the second run reproduces the first to within a few
percent. Since the samples are exposed to active plasma at all times,
we do not believe this to be a residual charging effect. Apparently,
the application of high voltage to this material temporarily alters its
bulk properties in a way that requires a significant time to relax. The
mechanism is unknown and will be the subject of future research
relating to this family of coatings. This effect, along with the 2- to
3-V error in our voltage scale discussed above, leads us to believe
that our final mean conductivities are conservatively accurate to no
better than a factor of two.

Conclusions

The plasma conductivity of Z93 and Z93P thermal control coat-
ings was measured directly in a space simulation chamber. For Z93P,
which is assumed to be the baseline formulation for all future ap-
plications, the conductivity was found to be a nearly constant 0.5
uS/m?, For Z93, the previous formulation, conductivity was approx-
imately an order of magnitude larger and showed a somewhat more
pronounced dependence on voltage. As is noted above, there are
small differences in the composition of the binder between the two
coatings, which presumably account for the measured differences in
conductivity. These results are being incorporated into modeling for
ISSA. Preliminary results® indicate that the conductivity we report
here is two orders of magnitude too small to affect the current bal-
ance and floating potential significantly. Our results will be used to
advocate the development of coatings with mechanical, thermal, and
optical properties similar to Z93P but with an electrical conductivity
that can be tailored to the application
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Launch Strategy Using
Ground-Based Mass Drivers

Richard B. Peterson*
Oregon State University, Corvallis, Oregon 97331

I. Introduction

HERE is current interest in developing a ground-based mass

driver for accelerating payloads to near-orbital velocities.!~>
This idea would exclude the possibility of delivering personnel, but
supplies that could withstand high acceleration could be launched
inexpensively several times a day. The idea presented here would
make use of high-repetition drivers to accelerate small packages
of matter. This would create a “fountain” to push a larger vehicle -
through the atmosphere and into space. The packages leaving the
mass driver are envisioned as being slugs of solid material that
can survive transit through the atmosphere yet disintegrate upon
impact with a pusher plate at the aft of the accelerating vehicle.
The repetition rate would be between 10 and 100 per second, and
the relative velocity between the slugs and the vehicle would be
held constant. The high repetition rate of the slug stream might
make it easier for the following slugs to arrive at the vehicle. Note
that this concept has been suggested before for powering interstellar
missions,*> where the benefits of a vacuum are present but extremely
long distances are involved.

II. Momentum Transfer to Vehicle

Two components make up the propulsive effect when the slugs
arrive at the vehicle. The first is the momentum transfer from col-
lisions. This could take the form of each slug disintegrating upon
impact. with a flat plate, so that momentum is transferred in the
amount of mV;, where m; is the mass of the slug and V, is the rel-
ative velocity between the slug and the vehicle. Higher momentum
transfer would result from a concave pusher plate. A second possi-
ble propulsive effect could arise from the kinetic or chemical energy
that is delivered with the slugs. Only the case of momentum trans-
fer will be considered here, and we further simplify the analysis by
ignoring two effects, namely drag forces and Earth’s gravity field.
Both would be important in a detailed analysis, but the purpose of
this write-up is to arrive at order-of-magnitude values for the major
parameters describing the launch concept.

The required slug mass, relative velocity, and repetition rate can
be worked out given the mission specifications. The baseline vehicle
will have a mass of 10,000 kg and accelerate at a rate between 19.6
and 69.6 m/s? (3g and 7g). The final velocity will be arbitrarily set
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at 70% of orbital velocity, or roughly 5.5 km/s. The force on the
vehicle will be,

F, = ¢Nm,V, @

where ¢ varies between 1 and 2 depending on whether the slug mass
is turned through 90 or 180 deg, and N is the number of slugs arriving
at the pusher plate per second. Note that it is convenient to assume
a constant relative velocity between the slugs and the vehicle. This,
however, may present difficulties in timing the acceleration of the
slugs with respect to their eventual arrival at the vehicle. Using
Eq. (1) and Newton’s second law, the required slug flow rate is

ayin,

TV,

Nm; @

where m, and a, are the mass and acceleration of the vehicle, re-
spectively. The quantity Nmj is plotted in Fig. 1 as a function of V,.

III. Mass-Driver Requirements
The power supplied to the mass driver will increase as the vehi-
cle accelerates, due to ramping of the slug velocity. Starting with
the kinetic energy of each slug, we can multiply by the number
of slugs per second in order to obtain the power. After appropriate
substitutions and rearranging, the mass-driver power becomes

v V2
ﬂ=%m<%+é+") @)

¢ 2V,

where V, is the vehicle velocity. Figure 2 shows the power supplied
to the mass driver as a function of vehicle velocity for various values
of a, and V,. The trend shows increasing driver power as the vehicle
attains higher speeds, with a maximum in the 1- to 3-GW range.
Given the maximum sustainable acceleration of approximately 7g
for personnel, this gives a maximum power of 2.2 GW for a final
velocity of 5.5 km/s and for a relative velocity of 600 m/s. The
distance and time needed to accelerate to this velocity are 220 km
and 80 s, respectively.

Another important aspect to consider is the efficiency in trans-
mitting the mass-driver energy to the vehicle. The driver power is
first integrated between the limits 0 and ¢ to obtain the total energy.
This quantity can be divided into the energy acquired by the vehicle
during the same time period. Doing this and rearranging yields,
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Fig. 1 Required slug mass flow rate for ¢ = 1.
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Fig. 3 Energy efficiency of the acceleration process.

A simplification results on substituting V,, for g, to obtain

_ B 1\
EFF—¢(1+§+E) ®)

where B is equal to V,/ V,. This expression is plotted in Fig. 3 for
two cases of ¢. A maximum for each curve exists at 1.75, indicating
that this value of B would provide the maximum energy transfer to
the accelerating vehicle. Unfortunately, achieving orbital velocity
in the most efficient way requires a very high relative velocity and
brings into doubt whether the pusher plate would survive.

IV. Other Considerations

Besides the mass driver, there are other major constraints to be
satisfied before this launch scheme can be considered for use. For
example, each slug must leave the mass driver with precisely de-
fined speed and direction to arrive at the pusher plate, which may be
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up to 200 km away. Also, wind patterns and the wake region behind
each slug will have a major influence on the path of the slugs. At
high repetition rates it is anticipated that slug passage through the
atmosphere will be beneficially affected. However, for this concept
to work the impact diameter at the vehicle must be held to approx-
imately 10 m. Some maneuvering by the vehicle is acceptable for
gross changes in the slug stream, but if the slugs arrive with a large
random dispersion, the vehicle will not be able to respond to the
individual slugs. Further work is needed on this subject.

The final factor considered here is the possibility that either ki~
netic energy or some form of chemical energy carried by the slugs
can be put to use. If the kinetic energy of the arriving mass could
be converted directly into thermal energy upon collision, the va-
por thus formed could be harnessed to provide propulsive thrust to
the ascending vehicle. For example, a relative velocity of 2 km/s
represents an enthalpic value of 2 MJ per kilogram of slug. For
slug material composed primarily of water, this enthalpic value is
approximately the heat of vaporization at standard pressure. If we
go one step further, perhaps a monopropellant cryogenically frozen
into a solid form would provide a suitable material that would either
burn or detonate on impact. With such a configuration, the scheme
proposed here begins to look like a chemically driven Orion-type ve-
hicle relying on a ground-based mass driver for propellant delivery.
These interesting variations on the basic concept can be seriously
considered once the major question on slug passage through the
atmosphere has been resolved.
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Effect of Transverse Vibration
on the Performance of a
Heat Pipe
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Introduction

HE growing number of current and potential applications for

heat pipes brings with it an expanding set of environmental
conditions under which the heat pipe must function. This research
is a step toward evaluating what effect, if any, these environmental
conditions have on the capabilities of heat pipes. In particular, this
experiment examined how a heat pipe might operate in an environ-
ment where it is subjected to vibration.
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A literature search revealed that little research has been done on

 the effects of vibration on heat pipe performance. Deverall! reported

on an experiment designed to evaluate the effect of vibration on
a heat pipe. The conclusion to this report is that “sinusoidal and
random vibration, within the spectrum tested, are not detrimental
to heat pipe performance.” A second work addressing this subject
was a report by Richardson et al.? They investigated the effect of
longitudinal vibration on heat pipe performance. It was reported that
the effect is greater at lower frequencies and higher amplitudes. The
authors indicated that “the most pressing need is for an investigation
providing information on actual maximum heat transfer capability”
and that “an investigation should be made of the effect of transverse
vibration.” :

The objective of this research is to determine the effect of trans-
verse vibration on the capillary limit of a heat pipe. To attain this
objective, an experimental heat pipe and apparatus were designed
and built. The static performance of the pipe was first measured
through a series of tests with no vibration input. These tests provided
a baseline of maximum heat transport for the pipe over a range of
heat pipe operating temperatures. Once this baseline performance
was established, tests were run with vibration input perpendicular
to the longitudinal axis of the pipe. The results from the vibration
test runs were compared to those from the static baseline runs to
determine if there was any effect on the maximum heat transport
due to transverse vibration.

Experiment Design

The heat pipe used during the experiment was constructed of
oxygen-free hard copper. It consisted of a section of pipe 0.3175 min
length to allow for a 0.3048-m total working length after installation
of the endcaps, each of which had a total depth of 0.6350 cm. The
outside diameter of the pipe was 2.223 cm and the inside diameter
was 1.892 cm. The wall thickness was 1.651 mm. It had a condenser
section 0.1111 m long, an adiabatic section 0.09210 m long, and an
evaporator section 0.1016 m long. Fig. 1 is an illustration of the
pipe.

The wick was constructed of 100-mesh copper screen. It had
a length of 0.3048 m and a width of .01191 m to allow for two
complete wraps of screen. 5.7 g of water were inserted into the
heat pipe as the working fluid. All parts were given a final cleaning
before assembly, closing, and filling of the pipe. The cleaning and
fill process are discussed in detail in Ref. 3.

A flexible tape heater was used to heat the evaporator end of the
heat pipe. This heater had a length of 1.829 m and a width of 1.270
cm. The maximum power of the heater was 470 W at 120 V, and
it had a power density of 2.015 x 10* W/m?. With an evaporator
section length of only 0.1016 m, the heater was wrapped in layers
in order to get sufficient power density to run the experiment. The
heater was insulated. This is turn was covered with an aluminum
foil adhesive tape to hold the batting together during vibration. The
electrical power input to the heater was monitored using a voltmeter
and an ammeter.

A coolant control system was required in order to operate the pipe
at various temperatures. While the pipe was operating in the heat
pipe mode, the pipe operating temperature could be varied by vary-
ing the condenser temperature. This was accomplished by changing
the coolant flow rate. Normal tap water was used as a coolant and
was run through the manifold surrounding the condenser section
of the heat pipe. The coolant inlet temperature was not controlled
and was determined by the temperature of the water in the building
plumbing.

The data acquisition system for this experiment had to be capa-
ble of reading and storing vibration frequency and amplitude data,
temperature data, heater power data, and coolant flow-rate data.
The vibration data were measured using accelerometers. The vibra-
tion in the actuator axis direction was the control variable for the
experiment, so it was at a known frequency and amplitude. The vi-
bration frequency and amplitude in the other two. directions were
measured using single-axis accelerometers aligned with these axes
and mounted on the vibration fixture. The output from the “off-
axis” accelerometers was routed into an oscilloscope for display.
The readings for the off-axis vibration amplitudes were taken man-



